Telomere shortening has been associated with aging and mortality but findings are inconsistent. A reason for inconsistencies may be a reduced variance in telomere length in the elderly: a survivor effect. A previous study attributed this survivor effect to a selection against those with short and with long telomeres. Using a multigenerational design in the Erasmus Rucphen Family (ERF) study we aimed to explore the variability of telomere length in different age-categories. Building upon the high heritability of telomere length, we next used the telomere length of the (grand) children of the oldest-old as a proxy for the telomere length of the oldest-old at younger ages. We found a significant reduction in variance in telomere length from young adulthood to old age (p-value = 4.23*10 -6 ). The decline in telomere length variance was stronger in men (69.9%) compared to women (59.7%). The mean telomere length of the (grand) children of the oldest-old was significantly longer compared to others in the same age-range (p-value = 2.60*10 -4 ). Our study shows a reduction in the variance of telomere length over age. Further our study suggests that those with long telomere length survive longest. 
Introduction
Telomeres, specialized repetitive DNA structures located at the terminal end of chromosomes, protect against DNA damage thus preserving genomic integrity [1, 2] . With each cell division telomeres progressively shorten [3] , until a critical length is achieved upon which the cell enters replicative senescence [4] . Telomere shortening has been associated with organismal aging, disease and mortality [5] [6] [7] [8] [9] , though not consistently [10] [11] [12] [13] [14] [15] . Further, a reduction in variability in telomere length has been observed with aging [16] . This may be the result of selective mortality in those with short telomeres at birth but perhaps also those with long telomeres early in life. It has been speculated that the latter have an increased risk of cancer [16] . Most of the studies investigating the association between telomere length and mortality have been performed in the elderly where such selection could have already occurred causing a survivor effect [17] .
Halaschek-Wiener et al [16] attributed the survivor effect to the risk associated with both long and short telomeres, suggesting there may be an optimal telomere length that is protective for healthy aging. In order to study survivor
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effects in a longitudinal study, a long follow-up is required assessing telomere length early and late in life. However, given the high heritability (h 2 ~ 0.70) of telomere length [18] an alternative design is a multigenerational family study. Such a study can mimic a longitudinal study using the telomere lengths seen in the (grand) children as a proxy for the telomere length of an individual early in life [19] .
In the current study we explore the variation in telomere length in various generations in the multigenerational Erasmus Rucphen Family (ERF) study using the telomere length of the (grand)children of the oldest-old as a proxy for the telomere length of the oldest-old (85+ years of age) at early life. In this way we aim to investigate the telomere length early in life that is related to healthy aging.
Methods
The Erasmus Rucphen Family study (ERF) is a cross-sectional family-based study including 3,000 living descendants of 22 couples around 1850-1900 [20, 21] . All participants are screened for many quantitative traits related to neurodegenerative, cardiovascular and endocrine diseases. For all participants the genealogical relationships are available from church records. These relationships were validated using genetic data from genome-wide association studies. The study protocol was approved by the medical ethics board of the Erasmus MC Rotterdam, the Netherlands.
Mean leukocyte telomere length was measured using a quantitative PCR-based technique as previously described [22, 23] . This method expresses telomere length as a ratio (T/S) of telomere repeat length (T) to copy number of a single copy gene, 36B4(S), within each sample. Samples were quantified relative to a calibrator sample used on each run (DNA from the K562 cell line) [23] . Mean inter-run CV was calculated to be 3.48%.
Heritability analysis in the current population was performed in SOLAR (version 2.05, http://solar.sfbrgenetics.org), adjusting for age and gender using an additive genetic variance component and random environment variance component. Association of age and gender with telomere length was determined in the same model. Survival analysis in SPSS version 20 was performed to determine the association of telomere length with all-cause mortality. All-cause mortality, obtained from obituaries, was complete until February 2012.
We simulated the effect of four different selection scenarios on the reduction of telomere length variance, namely A) no selection; B) selection against short telomeres; C) selection against long telomeres; D) selection against both short and long telomeres. We simulated individuals with the longest and shortest telomere length. For the rate of telomere length decline with age we took -0.1 T/S ratio for every 10 years, which is consistent across populations [18] . For the longest and shortest telomeres at young age we chose 3.3 and 1.3 T/S ratio respectively, which is consistent with the ERF data. For mortality we applied a two-fold increase in mortality in the group selected upon compared to the non-selected group.
In order to investigate the reduction in telomere length variation over age empirically, we created 10-year age-categories starting with the youngest age group included at 18 years. Using the Levene's test in SPSS version 20, we compared the variance in each age-category with the youngest age-category, as well as between consecutive age-categories. We calculated the rate of decline in telomere length variance as a percentage of the original variance. Next, we extrapolated the telomere length of the oldest-old using the telomere lengths of their (grand)children. We compared the mean telomere length of the (grand)children to all others in the age-range using an independent t-test in SPSS version 20.
Results
General characteristics are found in Table 1 ). In the current study, the heritability of telomere length was 65% and highly significant (p-value = 1.45*10 -61 ). Regression coefficient (beta), standard error (se) and p-value from linear regression model with telomere length as outcome
Telomere length was strongly associated with all-cause mortality (Hazard Ratio (HR) = 0.21; p-value = 1.52*10 -13 ; Table 2 ). When adjusting for age at baseline the mortality is still 1.5 times reduced but is no longer statistically significant (HR = 0.69; p-value = 0.125) due to the strong correlation between telomere length and chronological age. 0.89 0.35 0.736 HR = hazard ratio; n = total sample size; n death = number of deceased; se = standard error short and long telomeres. If no selection against telomere length occurs the variance in telomere length will be similar at young and old age ( Figure 1A) . However, if selection occurs a reduction in variance will be observed in all scenarios (Figure 1B-D) . These scenarios (B-D) are difficult to distinguish. Independent of selection, the telomere length decreases with age according to the increasing mitotic divisions. Figure 2 shows telomere length of the entire ERF population for both genders plotted against age. The graph shows a decline in the variance of telomere length as reflected by the funnel shape of the scatter plot from age 20 years to age 90 years. Statistical analysis using Levene's test for the differences in variance reveals a significant decline in the variance (p-value = 4.23*10 -6 ) when categorized in 10-year age intervals ( Table 3 ). The decline in telomere length variance was 69.9% in men compared to 59.7% in women. The first two age-categories (18-28 years and 28-38 years) did not show a significant difference in telomere length variance in the total cohort (p-value= 0.214) nor in the gender specific analyses.
We next tested whether there was evidence for mortality in those with long telomeres, short telomeres or both groups, assuming that this information can be deduced from the (grand)children given the high heritability. Figure 3 shows the individuals that reached 85+ years (oldest-old) and connects their telomere length with that of the mean telomere length of their children and grandchildren. Telomere length is shown on the vertical axis. With the exception of one family (family 11; one child and one grandchild), the (grand)children of the oldest-old have longer telomeres than the oldest-old themselves. Mean telomere length of the grandchildren was significantly longer compared to others in the same age-range (p-value = 0.001; Table 4 ), suggesting that the oldest-old were most likely born with telomeres that were longer on average than the general population. 
Discussion
In this study, we observed a significant reduction in telomere length variability in the population from young adulthood until late in life. Additionally, we observed that the (grand) children of the oldest-old have long telomeres for their age, suggesting that the oldest-old themselves were also born with telomeres that were longer on average than the general population.
Our study confirmed the previously observed reduction in telomere length variability between mid-life and oldest-old as reported by Halaschek-Wiener et al [16] . Further, our study shows that this strong reduction in telomere length variability can be measured after the age of 38 years, implying that selection on telomere length also starts early and can be measured already around the age of 40 years, the age at which the reduction in variance was statistically significant. Another implication of our study is that telomere length at old age are not representative for those at the start of life. This could explain why almost half of previously published studies investigating the association between telomere length and mortality did not find a significant association [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In studies conducted late in life not only the telomere length is not representative anymore for early life but the variance is significantly reduced making it statistically difficult to identify associations. In our study telomere length is associated with a 1.5 fold increase in mortality, though when adjusting for age at baseline the association lost its statistical significance. Telomere length and chronological age are extremely strongly associated which explains the loss of significance. A single measurement of telomere length after age 40 seems to add little information over chronological age in predicting mortality. As has been demonstrated previously in birds, it is more likely that the differences in telomere length measured at early age will be associated with mortality [24] . Indirectly our finding of the reduced variance points in this direction as deferential mortality based on telomere length early in life is suggested.
The most important finding of this study is that the grandchildren of the oldest-old had telomeres longer than the average for their age, which strongly suggests that the oldest-old started life with long telomeres. This finding is at odds with the hypothesis of optimal telomeres as suggested by Halaschek-Wiener et al [16] . Short telomeres in the (grand)children was observed in only one out of 13 families of which the grandparents reached old age (> 85 years), while all other families had long telomeres. Our data therefore suggests that predominantly short telomeres are selected against and that critically short telomeres induce replicative senescence and are associated to mortality [4, 25, 26] . A limitation of our study is the small sample size in the oldest-old, resulting in relatively few families to be investigated. Further, we did not have information on the spouses of the oldest-old and their families, which could explain the observation in the family in which the grand(children) had shorter telomeres than the oldest-old.
In our study, we further observed a larger rate of decline in telomere length variation in men compared to women (69.9% compared to 59.7%). Differences in telomere attrition rate between genders have been described previously [27] . In men, a significantly stronger attrition has been seen, in line with our findings [27] .
To summarize, we found a strong association of telomere length with mortality. Our study further shows that telomere length variability in the population strongly reduces with age, which is most likely explained by a survivor effect. Our study suggests that most of the oldest-old were born with telomeres that were longer than others in the age category, indicating that those with long telomeres have a better probability of survival. These findings ask for multiple assessments of telomere length to study the relation of telomere length with mortality.
